[1] Spirit's Mössbauer (MB) instrument determined the Fe mineralogy and oxidation state of 71 rocks and 43 soils during its exploration of the Gusev plains and the Columbia Hills (West Spur, Husband Hill, Haskin Ridge, northern Inner Basin, and Home Plate) on Mars. The plains are predominantly float rocks and soil derived from olivine basalts. Outcrops at West Spur and on Husband Hill have experienced pervasive aqueous alteration as indicated by the presence of goethite. Olivine-rich outcrops in a possible mafic/ultramafic horizon are present on Haskin Ridge. Relatively unaltered basalt and olivine basalt float rocks occur at isolated locations throughout the Columbia Hills. Basalt and olivine basalt outcrops are found at and near Home Plate, a putative hydrovolcanic structure. At least three pyroxene compositions are indicated by MB data. MB spectra of outcrops Barnhill and Torquas resemble palagonitic material and thus possible supergene aqueous alteration. Deposits of Fe 3+ -sulfate soil, located at Paso Robles, Arad, and Tyrone, are likely products of acid sulfate fumarolic and/or hydrothermal activity, possibly in connection with Home Plate volcanism. Hematite-rich outcrops between Home Plate and Tyrone (e.g., Montalva) may also be products of this aqueous activity. Low water-to-rock ratios (isochemical alteration) are implied during palagonite, goethite, and hematite formation because bulk chemical compositions are basaltic (SO 3 -free basis). High water-to-rock ratios (leaching) under acid sulfate conditions are implied for the high-SiO 2 rock and soil in Eastern Valley and the float rock FuzzySmith, which has possible pyrite/marcasite as a hydrothermal alteration product.
Background
[2] The Mars Exploration Rover (MER) Spirit traversed the plains of 160 km diameter Gusev Crater eastward from its landing site (sol 0; 14.5692°S, 175.4729°E in International Astronomical Union 2000 coordinates on 4 January 2004 UTC [Squyres et al., 2004; Arvidson et al., 2004] ) to the Columbia Hills (sol $155). Spirit encountered the Columbia Hills at West Spur (Figure 1 ), climbed up and over West Spur (sol $329) and up the NW slope of Husband Hill to its summit (sol $618), descended Husband Hill via Haskin Ridge (sol $705) and the El Dorado ripple field (sol $710), and drove into the northern Inner Basin of the Columbia Hills. The rover proceeded to the NW corner of Home Plate (sol $742) and completed its first encounter with the structure by exiting to the east (sol $772). Spirit crisscrossed the area to the east and SE of Home Plate, including an aborted attempt to climb McCool Hill and exploration of Low Ridge and Eastern Valley, and then climbed back onto Home Plate to begin its second encounter on sol $1315. As of sol 1544, Spirit was parked on a north facing slope of Home Plate to optimize solar power generation for its third winter on Mars. Spirit spent its first two winters on north facing slopes at West Spur on the NW side of Husband Hill and at Low Ridge. A discussion of Spirit's traverse and measurement campaigns and maps showing details of traverses overlain onto a HiRISE map base are found by Arvidson et al. [2006 Arvidson et al. [ , 2008 .
[3] Spirit and its twin Opportunity on the other side of Mars at Meridiani Planum each carry six science instruments [Squyres et al., 2003; Klingelhöfer et al., 2003] . The stereo, multispectral panoramic imager (Pancam) and the Mini-Thermal Emission Spectrometer (Mini-TES) are mastmounted remote sensing instruments. Mounted on the Instrument Deployment Device (IDD) at the end of the 5 degree of freedom robotic arm are the four contact instruments: the MIMOS II Mö ssbauer Spectrometer (MB), the Alpha Particle X-Ray Spectrometer (APXS), the Microscopic Imager (MI), and the Rock Abrasion Tool (RAT). As of sol 1544, all science instruments are functional except that the RAT is limited to brushing activities because its grinding pads have worn away (last use sol $420), and Mini-TES is compromised by a spectrally thick covering of dust on the mirror that reflects middle-infrared energy into the instrument (since sol 1370). The MB instrument has full functionality, with a source strength of $2 mCi ($150 mCi at sol 0). Rover mobility is also impaired because one of its six wheels is immobile (beginning sol $799); the frozen wheel, however, is a good trenching tool, revealing subsurface material.
[4] The primary scientific objective of Spirit's exploration of Gusev Crater is to characterize the surface and atmosphere, searching for evidence of water and clues for assessing past and current climates and their suitability for life [Squyres et al., 2004] . The focus of this paper relative to that objective is the results of the Mössbauer spectrometer. The instrument provides quantitative information about the distribution of Fe among its coordination states and oxidation states (ratio of Fe 3+ to total Fe; Fe 3+ /Fe T ), the identification of Fe-bearing phases, and the relative distribution of Fe among coordination states, oxidation states, and Fe-bearing phases. Mössbauer spectra do not directly provide information about the concentration of Fe-bearing phases (e.g., olivine); rather, MB spectra provide information about the amount of Fe associated with Fe-bearing phases. Thus, a sample could be 100% olivine as Mg 2 SiO 4 , but that olivine would not be detected by MB.
[5] Despite the Fe-centric view of Mössbauer spectroscopy, a MB instrument is a key mineralogical exploration tool in a Fe-rich environment like Mars because important rock-forming minerals (e.g., olivine (Ol), pyroxene (Px), ilmenite (Ilm), and (titano)magnetite (Mt)) and secondary minerals (e.g., serpentine, Fe-sulfates, and oxides/oxyhydroxides like hematite (Hm), goethite (Gt), and ferrihydrite) are Fe bearing. For unaltered or weakly altered rocks, the Fe 3+ /Fe T ratio provided by MB is necessary to perform normative calculations [e.g., McSween et al., 2006a [e.g., McSween et al., , 2006b [e.g., McSween et al., , 2008 Ming et al., 2006] , and the distribution of Fe among Fe-bearing phases distinguishes between different types of rock (e.g., presence or absence of olivine in basalt). For altered basaltic materials, MB provides information about the distribution of Fe-bearing phases among alteration products (e.g., nanophase ferric oxide (npOx), jarosite, and phyllosilicates), which constrain the type and extent of alteration and weathering (e.g., neutral versus acid chloride versus acid sulfate aqueous process under ambient or hydrothermal conditions [e.g., Morris et al., 2000a] ).
[6] Mössbauer results for Gusev Crater were published by the MER team for the first 90 sols in a special issue on Spirit at Gusev Crater (Science, 305, 793-845, 2004) [Morris et al., 2004] and for the first 520 sols in a special issue on Results From the Mars Exploration Rover Spirit Mission (J. Geophys. Res., 111, 2006) [Morris et al., 2006a] . Several topical articles have initial release of MB data since sol 520 McSween et al., 2008; Schmidt et al., 2008a; Squyres et al., 2007 Squyres et al., , 2008 . Ten Fe-bearing phases were identified outright or constrained in mineralogical composition. Identified outright are olivine, pyroxene, ilmenite, and (titano)magnetite as primary igneous phases and hematite, goethite, and nanophase ferric oxide (npOx) as Fe 3+ -bearing alteration products. A Fe 3+ -bearing sulfate was identified in three soils, but its stoichiometry is not known. Fe 3+ -sulfate may be more common than the number of analyses indicates, because it is present in the subsurface and only detected when exposed by the churning action of rover wheels [e.g., Yen et al., 2008] . Evidence for minor Fe-bearing chromite was developed for one rock (Assemblee), but the identification relied heavily on its unusually high Cr concentration (2.7 wt % Cr 2 O 3 versus <0.9 wt % in all other rock and soil targets ). A major Fe-bearing component in one rock (FuzzySmith) was assigned to pyrite/marcasite, but the assignment is equivocal [Squyres et al., 2007] .
[7] During the first 520 sols, Spirit traversed the Gusev plains, entered the Columbia Hills at West Spur, and climbed West Spur and the NW slope of Husband Hill to a point near its summit. The Gusev plains are generally characterized by relatively unaltered olivine basalt float rocks and soils derived from olivine basalt. In contrast, West Spur and the NW slope of Husband Hill are generally characterized by strongly altered outcrops and relatively unaltered basalt and olivine basalt float rocks [e.g., Morris et al., 2006a] .
This Work
[8] Mössbauer results subsequent to Morris et al. [2006a] (sols 520 to 1544) are reported here. Spirit encountered olivine basalt soils similar to the Gusev plains, occasional subsurface and sulfate-rich soils, new varieties of relatively unaltered float and outcrop rocks that are very rich in Target naming convention is Awwwwxyz (Feature-name_Target-name). A, MER-A (Gusev Crater); wwww, Gusev Crater sol number that data product was returned to Earth (for integrations covering multiple sols, the sol of the first returned data product is used); x, R (rock) or S (soil); y, U (undisturbed), D (disturbed), T (trench), B (RAT brushed surface), R (RAT ground surface), G (RAT grindings), or S (Scuff or scrape on rock surface made with rover wheel); z, 0 by default; z = 1, 2, 3. . . for multiple analyses of the same target on the same sol. For AxxxSTz, z = 1, 2, 3. . . with increasing number corresponding to increasing depth. Alphanumeric strings before parentheses are unique target identifiers.
pyroxene, olivine, and/or (titano)magnetite, and heavily altered outcrop rocks that are very rich in hematite. The procedures for calculation of Mössbauer parameters by least squares methods are described by Morris et al. [2006a] and are not repeated here. The derived Mössbauer parameters for each Fe speciation are the isomer shift (d), quadrupole splitting (DE Q ), hyperfine field strength (B hf ), and subspectral area (A). The values of d, DE Q , and B hf provide information about the coordination, oxidation, and mineralogical state of a subspectrum, and A is the percentage of total Fe (Fe T ) associated with specific Fe-bearing phases. The MB peak positions for doublet and sextet subspectra are characterized by d and DE Q and by d, DE Q , and B hf , respectively. The remainder of this paper is divided into eight major sections: (1) identification of Fe-bearing phases; (2) classification of Gusev Crater rocks and soils; (3) the Fe mineralogy of rocks and soils along the traverse of Spirit; (4) Fe-bearing mineralogical markers for aqueous alteration; (5) isochemical aqueous alteration at low water-to-rock ratios; (6) acid sulfate alteration at high water-to-rock ratios; (7) aqueous processes and magnetite and pyroxene; and (8) the hydrothermal system at Home Plate. Morris et al. [2006a] ). Seven and possibly nine different Fe-bearing phases that have doublet subspectra are now identified. The difference in potential number of phases is a result of the large range for the MB parameters of the Fe2D2 doublet ( Figure 2a ) as discussed in section 3.2. Three Fe-bearing phases that have sextet subspectra are identified. We now have multiple occurrences of each sextet phase, which confirms previous phase assignments and shows the natural variations for their MB parameters.
Identification of Fe-Bearing Phases
[10] Generic names for the doublet and sextet subspectra and specific mineralogical assignments, which are based largely on literature [e.g., Burns and Solberg, 1990; McCammon, 1995; Stevens et al., 1998 ] and in-house compilations of room temperature Mössbauer parameters, are shown in Figures 2 and 3 and discussed in this section. Room temperature MB data are applicable to the Martian measurements made at lower temperatures (typically 200 to 270 K) because the difference in temperature between the MB source and the measurement target is approximately zero in both cases [e.g., Morris et al., 2006a] . An important exception is the presence of a magnetic transition that occurs between room temperature and Martian surface temperatures (e.g., the Morin transition of hematite). 
Fe2D1 (Olivine)
[11] The Fe2D1 doublet from octahedral (oct)-Fe 2+ is common in rock and soil spectra throughout the Gusev plains and the Columbia Hills (Figure 4 ). The calculated Mössbauer parameters are very similar (Figure 2a) , with average values (103 measurements) of 1.15 ± 0.02 and 3.00 ± 0.07 mm/s for d and DE Q, respectively (Table 1) . We assign the doublet to Mg-rich olivine (Ol; (Mg,Fe) 2 SiO 4 ) [Morris et al., 2004 [Morris et al., , 2006a .
Fe2D2 (Pyroxene)
[12] The Fe2D2 doublet from oct-Fe 2+ is also common in rock and soil spectra throughout the region of Gusev Crater explored by Spirit (Figure 4 ). The Mössbauer parameters for the Fe2D2 group, however, form a diffuse group compared to the Fe2D1 doublet (Figure 2a ), implying differences in mineralogical composition. By visual examination, the Fe2D2 MB data can be divided into three subgroups (Px-A, Px-B, and Px-C) (Figure 2a ). We discuss these three pyroxene subgroups next. 3.2.1. Fe2D2-A (Pyroxene-A)
[13] Most data for rocks and all data for soils occur within the region labeled Px-A in Figure 2a Figure 2a ). ) phase that is unique to the outcrop. This phase could either be a product of igneous activity or a product of secondary mineralization. Mini-TES and Pancam spectra for Comanche Spur are also distinct from those for the other Ol-rich rocks on Haskin Ridge (Larrys Bench, Seminole, and Algonquin) [McSween et al., 2008; Farrand et al., 2008] . The origin of the difference is not known, although it seems reasonable to couple it to the presence of Px-C.
Fe2D3 (Ilmenite)
[16] The Fe2D3 doublet from oct-Fe 2+ (Figure 2a ) generally occurs with low subspectral areas in the spectra of rocks and soils on Husband Hill, Home Plate, and Eastern Valley (Figure 4 ). Its Mössbauer parameters form a distinct group that has average values (19 measurements) of d and DE Q equal to 1.07 ± 0.02 and 0.80 ± 0.06 mm/s, respectively (Table 2) . We assign the doublet to ilmenite (Ilm; FeTiO 3 ) [Morris et al., 2006a] . Figure 5 shows the expected correlation between the Ti concentration and the concentration of Fe associated with ilmenite. The three solid lines correspond to calculated lines for stoichiometric ilmenite (FeTiO 3 ) plus 0.0, 0.1, and 0.2 moles/24(O + Cl) of Ti in one or more phases other than ilmenite (e.g., magnetite or pyroxene). It follows for individual rocks that Algonquin (Aqn), Independence (Ind), and Bourgeoisie Chic (BC), which plot near y = x, have Ti predominantly associated with ilmenite and that Watchtower (Wt), Champagne (Ch), and Wishstone (Wi), which plot at y > (x + 0.15), have Ti mostly associated with phases other than ilmenite.
3.4. Fe2D4 and Fe3D5 (Fe 2+ and Fe 3+ in Chromite)
[17] One rock (Assemblee) has an anomalously high Cr 2 O 3 concentration ($2.7 wt %) compared to all other Gusev rocks (<0.9 wt %) . Because of the high Cr 2 O 3 concentration and a relatively low TiO 2 concentration ($0.9 wt %), both chromite (Chr; Fe 2+ (CrFe 3+ ) 2 O 4 and ilmenite were considered as Fe-bearing phases during least squares fitting procedures. A better fit to the experimental data was made with a chromite model, resulting in the assignment of that phase .
Fe3D1 (npOx)
[18] The Fe3D1 doublet from oct-Fe 3+ is ubiquitous in the spectra of rocks and soils at Gusev Crater, and its Mössbauer parameters form a diffuse group (Figures 2a  and 2b ). The average values of d and DE Q for all Gusev rock and soil spectra are 0.37 ± 0.04 and 0.90 ± 0.18 mm/s, respectively ( Table 1) . The large standard deviations of the average, especially for DE Q , imply a complex and variable mineralogical and chemical assemblage. We assign the doublet to nanophase ferric oxide (npOx), which is a generic (Figure 6a ). The molar concentrations of Cl and S individually correlate (R 2 = 0.66 and 0.43, respectively) with the molar concentration of Fe associated with npOx (A npOx Fe T /100) (Figures 6b and 6c) . The chemical concentrations are from APXS measurements [Gellert et al., 2006; Ming et al., 2006 Ming et al., , 2008 Clark et al., 2007; Squyres et al., 2007] , and the values A npOx from MB measurements are compiled in Table 5 and Morris et al. (Fe2D1, Fe2D2, and Fe2D3) , two from oct-Fe 3+ (Fe3D1 and Fe3D2), and one from Fe (Fe?D1) whose coordination and oxidation states are equivocal. In Figure 2a the Fe2D1, Fe2D2, and Fe2D3 doublets are assigned to olivine (Ol), pyroxene (Px), and ilmenite (Ilm), respectively. The pyroxene group is subdivided into three groups. Px-A includes most rocks and all soils. Px-B includes the rocks Independence and Assemblee, and Ebenezer, Uchben, and other members of Clovis Class. Px-C is a singular occurrence for the rock Comanche Spur. ($3.1 wt % SO 3 ). Similarly, the interpretation from the slopes is that the Cl/Fe 3+ and S/Fe 3+ ratios for Fe associated with npOx are 0.14 and 0.66, respectively. Molar S/Fe ratios for typical sulfates and sulfides are 0.13 (schwertmannite), 0.67 (jarosite), 1.00 (troilite and binary Fe 2+ -sulfates), 1.00 to 1.20 (pyrrhotite), 1.67 (binary Fe 3+ -sulfates), and 2.0 (pyrite and marcasite).
[20] S and Cl either do not correlate or negatively correlate with other sulfate-and chloride-forming elements (Mg, Ca, Al, and Fe not associated with npOx) (Figure 7 ). These observations are additional evidence that S, Cl, and Fe from npOx occur together in the same phase in Martian Laguna Class soil. An updated plot (not shown) of A Px Fe T / 100 versus A npOx Fe T /100 [Morris et al., 2006a] continues to show a negative correlation, consistent with the Fe3D1 assignment to npOx as opposed to Fe 3+ in pyroxene.
[21] Additional information concerning the mineralogical composition of npOx associated with Martian soil is provided by multispectral data ($0.4 -1.1 mm) of bright dust from the Imager for Mars Pathfinder (IMP) and the MER Panoramic Camera (Pancam) and by hyperspectral data ($0.4 to >2.5 mm) from the Observatoire pour la Minér-alogie, l'Eau, les Glaces et l'Activité (OMEGA) and the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM). Bright dust spectra [e.g., Bell et al., 2000 Bell et al., , 2004 Bibring et al., 2006; Lichtenberg et al., 2007; Arvidson et al., 2008] are characterized by a featureless absorption edge between $0.4 and $0.75 -0.80 mm and relatively flat reflectance between 0.75 and 0.80 mm and 2.5 mm. The featureless ferric absorption edge of high-albedo soils is consistent with npOx (as opposed to well crystalline Fe 3+ -bearing compounds like hematite, goethite, and jarosite). The absence of detectable spectral features from H 2 O near 1.4 and 1.9 mm and from M-OH (M = Fe, Mg, Al, Si) near 1.4 and 2.1-2.4 mm imply the bright dust is anhydrous and not hydroxylated [e.g., Bell et al., 2000 Bell et al., , 2004 Morris et al., 2000a; Bibring et al., 2006] . A caveat is that H 2 O and M-OH could be present if hydrogen bonding is suffi- Yen et al., 1998; Jouglet et al., 2007; Milliken et al., 2007] . 3.5.2. Fe3D1 (npOx) for Rocks
[22] An issue for both APXS and MB measurements on rocks is the extent to which dust and soil on rock surfaces contribute to the measured values. For measurements of interior rock surfaces exposed by grinding with the RAT, this contribution is not present in the absence of fallback of RAT tailings and addition of material by the wind. Since sol 420, only RAT brushing has been done because the grinding pads wore out. The datum for each rock in Figure 8 corresponds to analysis of a RAT grind surface when available, to a RAT brush surface when a RAT grind analysis was not done, or to an undisturbed surface when neither a RAT grind nor a RAT brush analysis was done. An additional complicating factor is the different sampling depths for APXS and MB, with the latter being deeper. An analysis of an undisturbed rock surface with soil/dust coating intermediate in thickness between the APXS and MB sampling depths would yield a soil analysis for APXS and a soil-rock analysis for MB [Morris et al., 2006b] .
[23] In contrast to soils, the concentrations of Cl and SO 3 for all rocks are not well correlated ( Figure 8a ) and neither are the molar concentrations of both Cl and S with A npOx Fe T /100 (Figures 8b and 8c ). These observations are explained if rocks have different intrinsic Cl and S concentrations and/or have been acted upon by Cl-and S-bearing fluids/vapors having different Cl and S concentrations. For purposes of discussion, the rock data are divided into five groups (Table 6 ) on the basis of Figure 8 . Group one (nine rocks; red squares) has Cl and SO 3 concentrations that are the lowest among rocks and are also less than measured in any soil ( Figure 8a ). The analyzed rock surfaces have undergone, relative to other rocks, minimal alteration by Cl-and S-bearing fluids/vapors. Group two (12 rocks; blue triangles) has values of Cl, SO 3 , and A npOx Fe T /100 that generally overlap corresponding data for soils. These rocks thus have any combination of soil/dust coatings that are thick compared to both APXS and MB penetration depths and intrinsic values that are within the range observed for soils.
[24] Group three (six rocks; purple squares) has high S concentrations compared to soils and rocks with comparable A npOx Fe T /100 concentrations ( Figure 8c ). The high S concentrations for Alligator (All) and Peace (Pe) are attributed to cementation of porous rock by MgSO 4 Á nH 2 O [Ming et al., 2006] , and the same explanation may hold for the other rocks (String Of Pearls, Pot Of Gold, Bread Box, and Halley) which, with one exception (Halley), are all located at Hank's Hollow on West Spur.
[25] Group four (five rocks; green circles) has soil-like Cl concentrations but is depleted in S relative to soils and rocks with comparable A npOx Fe T /100 concentrations ( Figure 8c ). Group five (30 rocks; light blue inverted triangles) has soillike to depleted concentrations of S and is enriched in Cl relative to soils with comparable values of SO 3 and A npOx Fe T /100 (Figure 8 ). The rocks with exceptionally high Cl concentrations (1.6 to 2.2 wt %) include Clovis (Cl), Slide (Sl), TexasChili (TC), Uchben (Uc), Posey (Po), Kansas (Kn), and Lutefisk (Lu). The rocks in Groups four and five presumably reacted with or were invaded by solutions/ vapors having different Cl/S ratios than other rocks. Note that the high-Cl rocks include rocks from highly altered (Gt-bearing) Clovis Class and the relative unaltered Barnhill Class. Unfortunately, we were not able to RAT grind Barnhill Class rock, so the Cl may just have high concentrations in near-surface regions.
[26] In summary, the complex relationship among S, Cl, and Fe associated with npOx in rocks (Figures 8b and 8c) compared to soils (Figures 6b and 6c ) results from the diversity of Cl and S concentrations in rocks compared to [Johnson, 1977] ). For the synthetic samples, DE Q correlates with particle diameter, with smaller npOx particles having larger values of DE Q . We suggest that the generally higher values of DE Q for Martian npOx in soils compared to terrestrial occurrences and synthetic samples may be related to the high concentrations of Cl and S associated with Martian npOx. [28] Fourteen rocks have values of DE Q that are larger (>0.97 mm/s) than those observed for soils ( Figure 9 ). Is it reasonable to assign their ferric doublets to the alteration phase npOx, or are the high values evidence for a different Fe 3+ -bearing phase? We suggest that npOx is an appropriate assignment because, with the possible exception of Comanche Spur, these rocks are heavily altered [Morris et al., 2006a] . Seven rocks (Clovis, Kansas, Ebenezer, Uchben, Tetl, Temples, and Lutefisk) have Gt and Hm as major Fe-bearing phases and high Cl concentrations (Figures 8b  and 9b and Table 5 ). Three (Watchtower, Paros, and Pequod) likewise have Gt and Hm as major Fe-bearing phases, but have soil-like Fe concentrations of Cl and are depleted in S relative to soils. Hillary has Hm as a major Fe-bearing phase and is modestly enriched in Cl. Pot Of Gold has Hm as a major Fe-bearing phase, has a soil-like Cl concentration, and is enriched in S relative to soils. Assemblee does not have detectable Mt, Gt, and Hm and has soillike Cl and S concentrations, but does have a low total Fe concentration ($6.5 wt % as FeO) and a high Cr concentration ($2.7 wt % as Cr 2 O 3 ) .
[29] Comanche Spur has olivine as its major Fe-bearing phase, which is not a characteristic of an altered rock. However, until the identity of Px-C is clearly resolved, it is premature to address the origin of the large value of DE Q for its npOx doublet.
[ (Table 2) . We assign the doublet to a Fe 3+ -bearing sulfate (Fe3Sulfate) [Morris et al., 2006a] . (Figure 2b ) is present only in the spectrum of the rock Fuzzy Smith on Home Plate (Figure 4) . Its values of d and DE Q are 0.28 ± 0.02 and 0.68 ± 0.02 mm/s, respectively (Table 2) , and it is a major Fe-bearing component (63% of total Fe). The doublet is assigned to an FeS 2 assemblage (pyrite and marcasite; pyr/mar), although the assignment is not unequivocal [Squyres et al., 2007] . Pyrrohotite is not a viable assignment. (Figure 3 ) occurs in the spectra of many rocks at West Spur, on Husband Hill, and at Home Plate (Figure 4) . We assign the sextet to hematite (Hm; a-Fe 2 O 3 ) [Morris et al., 2006a] . The large range for DE Q (Figure 3a ) and the systematic variation of B hf with DE Q (Figure 3b) are manifestations of the proximity of the Hm Morin transition temperature and Martian diurnal temperatures [Morris et al., 2006a] . The Morin transition temperature occurs at $260 K for chemically pure, bulk, well-crystalline Hm, but it can occur over a wide range of temperatures and sometimes can be suppressed depending on impurities and particle size [e.g., Murad and Johnston, 1987; Dang et al., 1998 ]. The average values of d, DE Q , and B hf are (1) 0.37 ± 0.03 mm/s, À0.17 ± 0.06 mm/s, and 52.2 ± 1.0 T for spectra having DE Q < À0.10 mm/s, (2) 0.37 ± 0.03 mm/s, À0.02 ± 0.09 mm/s, and 52.4 ± 0.8 T for spectra having À0.10 < DE Q < 0.10 mm/ s, and (3) 0.37 ± 0.04 mm/s, 0.25 ± 0.12 mm/s, and 53.6 ± 0.6 T for spectra having DE Q > 0.10 mm/s, respectively (Table 4 ). The outcrop rock Montalva at Low Ridge has the highest percentage of Fe from Hm (A Hm = 78%) for any Martian sample analyzed to date, including the lag deposits of Hm-bearing blueberries at Meridiani Planum [Morris et al., 2006b ].
Fe3S3 (Goethite)
[35] The Fe3S3 sextet (oct-Fe 3+ ) occurs in rocks (Clovis Class and Watchtower Class) at West Spur and Husband Hill (Figure 4) . We assign the sextet to goethite (Gt; a-FeOOH) [Morris et al., 2006a] . This assignment is confirmed by Van Cromphaut et al. [2007] , and they also calculated a mean particle diameter of $10 nm for the Gt particles in Clovis Class rocks. The average values of d, DE Q , and B hf are 0.38 ± 0.02 mm/s, À0.19 ± 0.10 mm/s, and 39.4 ± 2.9 T, respectively ( Table 4 ). The outcrop rock Clovis at West Spur has the highest percentage of Fe from Gt (A Gt = 37%).
Fe-Bearing Glass
[36] Fe-bearing glass can be produced on the Martian surface as a product of volcanic activity and meteoritic impact [e.g., Allen et al., 1981; Bouska and Bell, 1993] . From a process perspective, there is thus a reasonable expectation for Fe-bearing glass to form on the Martian surface. How much Fe-bearing glass is currently present on the Martian surface depends on the unknown balance between glass formation times and rates and glass destruction rates (e.g., by aqueous weathering). To evaluate MER MB spectra with respect to the presence or absence of Febearing glass, we obtained transmission MB spectra (295 K) for a Mars composition glass (described by Morris et al. [2000b] ) that was equilibrated over a range of oxygen fugacities (Figure 10 ). The MB parameters for the Mars composition glasses and those for several natural basaltic glasses of volcanic origin and other synthetic basaltic glasses are summarized in Table 7 . The glass MB parameters were calculated using the same method used for MER MB spectra, except that the linewidths of the Fe 2+ doublet were not constrained to be equal (Figure 10 ).
[37] For a plot of d versus DE Q , the data for Fe 2+ and Fe 3+ in synthetic and terrestrial basaltic glasses do not overlap the corresponding data for Gusev MB spectra (Figure 11 ). On the basis of this observation, we conclude that a clear detection of Fe-bearing basaltic glass has not been made on Mars by MB. This conclusion is contrary to Van Cromphaut et al. [2007] Figure 11b .
[38] From the perspective of Mini-TES, spectral deconvolutions of Clovis Class and Watchtower Class rocks yield mineralogical compositions that are, respectively, 40-45% and 35-50% unaltered basaltic glass [Ruff et al., 2006] . Spectral deconvolutions of Independence Class rocks and some Home Plate rocks also yield unaltered basaltic glass as a component Squyres et al., 2007] . Because basaltic glass is not a good match for the MB data as just discussed, we suggest that there is a component in these highly altered rocks [Morris et al., 2006a; Ming et al., 2006] whose thermal emission spectrum mimics that for basaltic glass and is not included in the spectral library used for deconvolutions. The corundum normative nature of some of these rocks [Ming et al., 2006] suggests allophane as a possibility as suggested by Arvidson et al. [2008] for the Voltaire Outcrop. Such a phase could be spectrally important to Mini-TES and be inconsequential for MB because it contains little or no Fe.
Classification of Gusev Crater Rocks and Soils
[39] In this section we extend the classification of rocks and soils as previously published Ming et al., 2006; Morris et al., 2006a] to include all samples through sol 1544. The classification scheme is based on APXS chemistry with subclasses created when warranted by large differences in Fe mineralogical composition from MB measurements. New APXS data are published by Ming et al. [2008] , and Fe mineralogical compositions for individual rocks and soils are listed in Tables 5 and 8 . The classification schemes developed here and by Ming et al. [2008] are synchronized.
Gusev Crater Rocks
[40] Gusev Crater rocks are divided into 18 classes on the basis of APXS chemistry, and 8 of the 18 are subdivided into one or more subclasses on the basis of Fe mineralogical composition Ming et al., 2006 Ming et al., , 2008 Morris et al., 2006a ] (see Table 9 ). There are 28 named subclasses. Their average Fe mineralogical compositions, Fe 3+ /Fe T ratios, and FeO + Fe 2 O 3 concentrations are listed in Table 9 , and their average values of d and DE Q , for olivine, pyroxene, and npOx are listed in Table 10 . Corresponding APXS chemical compositions are given by Ming et al. [2008] . Pie diagrams at the class level for Fe mineralogical compositions are illustrated in Figure 12 .
[41] Also compiled in Table 8 are values of the Mineralogical Alteration Index (MAI). This index is the proportion of total Fe associated with Fe-bearing alteration products (MAI = A npOx + A Fe3Sulfate + A Hm + A Gt + A Pyr/Mar ). Note that we include pyrite/marcasite, which is a Fe 2+ -bearing mineral and is found only in the rock FuzzySmith, because we consider it to be an alteration product. Magnetite is assumed to be a product of igneous activity and not a product of alteration (e.g., by serpentization of olivine). The validity of this assumption is discussed in section 9.
[42] In Figure 13 we plot the Fe 3+ /Fe T ratio and the total concentration of Fe as a function of MAI. The solid lines in Figures 13a and 13b and Fuzzy Smith Class (Fuzzy Smith). Because of their low total Fe contents (<8 wt %), Independence Class (Independence and Assemblee) and members of Elizabeth Mahon Class (Elizabeth Mahon and Nancy Warren) are included as most altered rocks (Figure 13c ).
Gusev Crater and Meridiani Planum Soils
[43] Soils at Gusev Crater and Meridiani Planum are divided into five classes on the basis of APXS chemistry, and two of the five are subdivided into subclasses on the basis of mineralogical composition (Table 11) . The values of d and DE Q for olivine, pyroxene, and npOx are listed in Table 12 at the class/subclass level. Pie diagrams for Gusev Crater soils at the subclass level for Fe mineralogical compositions are illustrated in Figure 14 .
[44] Laguna Class soils are basaltic soils that are widespread throughout both landing sites, and they are generally mixtures in variable proportions of Ol, Px, and npOx (Panda, Liberty and Gobi Subclasses). The differences among the Panda, Liberty, and Gobi Subclasses are gradational, with Panda Subclass having the least npOx and Gobi Subclass the most. Doubloon Subclass is characterized by enrichments in Ti and P, depletion in Cr, and the presence of ilmenite, which are characteristics inherited from the nearby ilmenite-bearing Watchtower Class and Descartes Class rocks. Mixing with local rock is also suggested by the presence of angular to subangular grains observed in these soils [Cabrol et al., 2008] [45] The two Gertrude Weise Class soils are located in Eastern Valley, which is between Home Plate and Mitcheltree Ridge. Lefty Ganote and Kenosha Comets have very high SiO 2 concentrations (SiO 2 $75 and $90 wt %, respectively [Squyres et al., 2008; Ming et al., 2008] ), and low total Fe concentrations (Figure 13d ). The single-member Eileen Dean Class soil has the highest proportion of Fe from Mt for any soil (A Mt = 43%; Figure 13b ). Its Fe mineralogy is comparable to that for Home Plate rocks, so this soil may actually be a very friable rock.
[46] The five soils with MAI > 40% are the Paso Robles Class soils. They are distinguished from all other soils by the presence of Fe 3+ -bearing sulfate. Soils Paso Robles, Paso Light1, and Samra have 60-86% of total Fe from Fe 3+ -sulfate (Morris et al. [2006a] and Table 5 ). Berkner Island1 and Mount Darwin have comparatively less Fe from Fe3Sulfate (30%) because both soils are mixtures of local basaltic soil near Low Ridge (Bear Island1) and the lighttoned (sulfate-rich) material excavated and transported from Tyrone in the rover wheel wells Yen et al., 2008] . Therefore, the Tyrone sulfate deposit itself has more than 30% of Fe from Fe 3+ -sulfate.
[47] In summary, the Panda, Liberty, and Gobi Subclasses of Laguna Class soil represent ubiquitous basaltic soils at both Gusev Crater and Meridiani Planum (Table 11 ). The Boroughs and Doubloon Subclasses of Laguna Class soil are also basaltic and occur infrequently only at Gusev Crater. Gertrude Weise Class, which encompasses the SiO 2 -rich soils, Eileen Dean Class, and the Fe 3+ -sulfate The region near the origin in Figure 11a is expanded in Figure 11b . Note that the glass data do not overlap the data for Martian surface targets, implying no clear detection of basaltic glass on Mars. Data for GC rock and soil are from Figure 1 . 1 ± 2 30 ± 4 0 0 1 ± 2 0 18 ± 2 39 ± 6 0 4 ± 2 7 ± 2 100 0.64 14.6 50 552 Bourgeoisie Chic (BC) 26 ± 2 25 ± 2 0 0 18 ± 2 0 7 ± 2 23 ± 2 0 2 ± 2 0 100 0.31 10.5 24 559 Assemblee (Asm) 0 44 ± 2 0 0 0 23 ± 2 0 32 ± 2 0 0 0 100 0.37 6.7 32 568 Irvine (Ir) 9 ± 2 46 ± 2 0 0 0 0 36 ± 2 6 ± 2 0 3 ± 2 0 100 0.35 19.8 9 602 Hillary (Hi) 11 ± 2 15 ± 3 0 0 8 ± 4 0 28 ± 2 23 ± 6 0 15 ± 3 0 100 0.56 11.9 37 629 Kansas (Kn) 3 ± 2 28 ± 2 0 0 9 ± 2 0 8 ± 2 29 ± 2 0 0 23 ± 2 100 0.59 14.1 52 648 (Table 11 and Morris et al.
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[2006b]).
Fe Mineralogy Along the Traverse of the Spirit Rover
[48] The traverse of Spirit through the Columbia Hills is shown in Figure 1 together with names for traverse segments. Detailed discussions of the traverse segments from the landing site through West Spur, north Husband Hill, and partway up SW Husband Hill are previously published [e.g., Arvidson et al., 2006; Clark et al., 2007; Morris et al., 2006a; Ming et al., 2006; McSween et al., 2006a McSween et al., , 2006b Squyres et al., 2006] . For these segments, short summaries of the Fe mineralogy are given in the discussion that follows.
Gusev Plains
[49] Spirit traversed the Gusev plains between its landing site and West Spur. All analyzed rocks are olivine basalt float rocks with magnetite (except for Route66) as the Fe oxide phase (Figure 15a ). Soils have a similar Fe mineralogical composition and are approximately two-component mixtures of Ol + Px + Mt and npOx + minor Hm (Figure 15b ). Bright soils have higher proportion of npOx + Hm than do dark soils.
West Spur
[50] The Fe mineralogy dramatically changed when Spirit encountered the Columbia Hills at West Spur. Instead of an assemblage of igneous Fe-bearing phases (Ol, Px, and Mt), the rocks have $20 to 50% of their total Fe associated with the secondary minerals Hm and Gt (Figure 16a) . All of the Gt-bearing rocks (Clovis Class) are outcrop rocks, implying that Gt is volumetrically important in the Columbia Hills. In contrast to the rocks, the Fe mineralogy of West Spur soils is equivalent to that for the plains soils (Figure 16b ).
North Husband Hill
[51] This segment marks the appearance of rocks with detectable amounts of the ferrous oxide ilmenite (Figure 17a ). All rocks are outcrops except the float rocks Wishstone, Wishing Well, Champagne, and Backstay. Backstay is relatively unaltered (MAI < 15%), and it is the only member of its class investigated in situ with the IDD instruments (Backstay Class). The Fe mineralogical composition of Backstay is characterized by subequal proportions of Ol and Px that total $70% plus Mt, Ilm, and npOx. Mössbauer spectra for Backstay and Wishstone are shown in Figures 18a and 19a, respectively. [52] The Wishstone Class rocks (Wishstone, Wishing Well, and Champagne; MAI = 30 to 38%) and especially the Watchtower Class rocks (Watchtower, Keystone, Keel Reef, Keel Davis, Paros, and Pequod; MAI = 37 to 94%) are weakly and pervasively altered, respectively, as evidenced by the presence of Hm, npOx, and, for some rocks, Gt. Watchtower, Paros, and Pequod have >80% of their total Fe in the Fe 3+ -bearing phases npOx, Hm, and Gt.
[53] According to their Fe mineralogy, Peace Class Outcrop rocks (Peace and Alligator) are relatively unaltered with Ol, Px, and Mt as the dominant Fe-bearing phases and no detectable Hm or Gt (Figure 17a ). However, these rocks have high concentrations of Mg and S, implying that the rocks were originally porous material (perhaps tephra) that was invaded and cemented by solutions rich in Mg and sulfate without significant alteration of preexisting silicate and oxide phases [Ming et al., 2006] . Mössbauer spectra for Champagne, Peace, and Watchtower are given in Figure 20 . Eastern Valley Nancy Warren (NW) 22 ± 2 24 ± 2 0 0 1 ± 2 0 26 ± 2 24 ± 2 0 2 ± 2 0 100 0.44 6.1 27 1228 Innocent Bystander (IBy) 7 ± 2 12 ± 2 0 0 1 ± 2 0 56 ± 2 17 ± 2 0 7 ± 2 0 100 0. Bold typeface, unaltered to weakly altered basalt; normal typeface, altered basalt.
[54] Most soils analyzed during the traverse up Husband Hill (Figure 17b ) are typical Ol-Px-Mt-npOx basaltic soils (e.g., Laguna Class soil). Doubloon (Doubloon Subclass) is a basaltic soil but is distinct on the basis of detectable ilmenite (Figure 21a ). The oxide was probably inherited from the nearby Ilm-bearing rocks (e.g., Wishstone Class). The PasoRobles soil (Figure 21b ) is the first occurrence of sulfate-rich soil (Paso Robles Class) whose Fe mineralogical composition has more than $30 to 86% of its total Fe present as a Fe 3+ -bearing sulfate. The Paso Robles locale was analyzed twice, on sols 401 and 429.
Southwest Husband Hill
[55] All rocks are outcrop, except Bourgeoisie Chic, which is a clast in the outcrop rock Descartes. The clast has a very different Fe mineralogical composition from Descartes in which it is imbedded (Figure 22a) . Specifically, the clast has significantly more Ol and Ilm and less npOx and no Gt. The chemical composition of Bourgeoisie Chic is similar to that for Wishstone rocks, so that the Voltaire Outcrop may be a conglomerate composed of Descartes and Wishstone material . Mössbauer spectra for Descartes and Bourgeoisie Chic are shown in Figures 19b and 19c, respectively. [56] The outcrop rocks Independence and Assemblee (Independence Class) are strongly altered as evidenced by their low Fe concentration (5.8 and 6.7 wt %, respectively, as FeO + Fe 2 O 3 ). This is consistent with their unusual Fe mineralogy (Figure 22a ). Independence is a npOx, Px, and Ilm assemblage, and the rock has the highest proportion of total Fe from Ilm for any Gusev or Meridiani sample analyzed to date (A Ilm = 29%). Assemblee, which has $2.7 wt % Cr 2 O 3 , is the only rock with evidence for chromite (A Chr = 23%). Unlike the altered rocks in Clovis Class, Wishstone Class, and Watchtower Class, the Independence Class rocks do not have detectable Hm and Gt. Mössbauer spectra for Independence and Assemblee are shown in Figures 23a and 23b , respectively. No soils were analyzed by MB on SW Husband Hill.
Southeast Husband Hill
[57] Three rocks were analyzed by MB on the SE side of the Husband Hill summit (Figure 22a ). The float rock Irvine is relatively unaltered (MAI < 15%), and it is the first occurrence of a class of rocks (Irvine Class) whose Fe mineralogical composition is dominated by Px and Mt. The outcrop rocks Hillary and Kansas are Watchtower Class with detectable Fe from Ilm. Kansas has detectable Gt, so that the oxyhydroxide is detected by MB on both sides of Husband Hill. The Mössbauer spectrum for Irvine is shown in Figure 18b .
[58] Soils analyzed on SE Husband Hill are typical Laguna Class basaltic soils (i.e., Fe mineralogy is Ol-Px-Mt-npOx). Whymper (Gobi Subclass) has among the highest values of Fe from npOx detected to date (A npOx = 34%) and is a good example of a bright soil. Hang2 and Lands End (which has Table 9 . The number under each pie diagram is the sol that Mössbauer (MB) analysis began. possible ilmenite) have unusually high A Px /A Ol ratios for soils (Table 5) , which may be a signature of mixing with fragments of local rocks. The Mö ssbauer spectra for Whymper and Kansas are shown in Figures 21c and 23c , respectively.
Haskin Ridge and Northern Inner Basin
[59] Spirit crossed a distinct mineralogical boundary between sols 648 and 662, from highly altered outcrop rocks on SW and SE Husband Hill with little or no Fe from olivine to the olivine-rich (A Ol = 50% to 70%) outcrop rocks on Haskin Ridge (Algonquin Class: Larrys Bench, Seminole, Algonquin, and Comanche Spur) (Figure 24a) . The low normative olivine compared to the high values expected from the Fe mineralogy results from APXS analyses that preferentially sample a thin (1s to 10s of micrometers depending on element) surface layer whose elemental composition has been altered by weathering, according to McSween et al. [2008] . Mössbauer, which samples deeper (100s of microns), preferentially samples the relatively unaltered Ol-rich rock beneath the thin surface layer. Mössbauer spectra for Algonquin and Comanche Spur are shown in Figure 25 .
[60] The Fe mineralogical composition of Comanche Spur pyroxene is different from that for any other rock analyzed to date at Gusev Crater (and Meridiani Planum), including the other three Algonquin Class rocks. Its MB parameters (labeled Px-C in Figure 2 ) are significantly offset from other pyroxene data (Px-A) to higher d and lower DE Q . It is possible that the Fe 2+ -bearing phase is not pyroxene (see section 3.2.3).
[61] One rock (BuZhou) was analyzed in the northern Inner Basin. Although it was not analyzed by APXS, we classify the rock as Irvine Class on the basis of its Fe mineralogical composition (predominantly Px + Mt; Figure 24a ) and a morphology resembling vesicular basalts, which have been shown by in situ and remote observations to be Irvine Class.
[62] Two soils were analyzed by MB during the traverse between the summit of Husband Hill and Home Plate (Figure 24b ). The first analysis was an undisturbed surface on a low-albedo dune field called El Dorado [Arvidson et Bold typeface, undisturbed surface soil; normal typeface, disturbed surface soil or trench soil.
al. , 2008] . The MB spectrum of El Dorado Scuff Shadow (Figure 21d ) is similar to the ubiquitous basaltic soil in Gusev Crater, except that it has a higher proportion of Fe from Ol (A Ol = 47%) and corresponding lower proportions of Fe from Px and especially npOx (A npOx = 8%) ( Table 5 ). The Ol-rich nature of El Dorado Scuff indicates accumulation of olivine as a lag deposit on dune surfaces. This measurement is important because the El Dorado dune field is large enough to be used as ground truth for the orbiting CRISM visible and near-IR hyperspectral spectrometer .
[63] The second soil analysis was the subsurface Paso Robles Class soil Arad Samra (Figure 21e ). It was exposed by the action of rover wheels in soft soil, and it has the largest Fe 3+ -sulfate content measured at Gusev Crater to date (A Fe3Sulfate = 86%). It also has the highest SO 3 content measured on Mars ($35 wt %) [Ming et al., 2008] .
Home Plate
[64] Home Plate was traversed four times by the Spirit rover for a time span covering 750 sols. As of sol 1544, only rocks have been analyzed (Figure 26) , and Spirit is parked on the north facing edge of Home Plate near the rock target Chanute for its third Martian winter .
[65] Fuzzy Smith and Humboldt Peak are float rocks on Home Plate. Fuzzy Smith proved to be unique. Its MB spectrum (Figure 27a ) is dominated (A Pyr/Mar = 63%) by a doublet whose parameters (d = 0.28 ± 0.02 mm/s and DE Q = 0.68 ± 0.02 mm/s) are consistent with an assemblage of pyrite and marcasite (FeS 2 polymorphs) [Squyres et al., 2007] . As noted by the authors, there is not sufficient S from APXS analysis to accommodate the stoichiometric FeS 2 composition. However, this situation could result from the different sampling depths of MB and APXS. A surface layer of S-depleted material that was thick with respect to APXS analysis but thin with respect to MB analysis would accommodate the observed APXS results and the FeS 2 interpretation of the MB data. Fuzzy Smith is the first high-SiO 2 rock analyzed by Spirit ($68% [Squyres et al., 2007] ). Humboldt Peak is an Ol-rich rock (Figure 27b ).
On the basis of chemistry Humboldt Peak is an alkaline basalt that is Adirondack Class on the basis of its bulk major element composition [Ming et al., 2008] .
[66] Three outcrop rocks (Barnhill Subclass: Barnhill, Posey, James Cool Papa Bell) having very similar Fe mineralogical compositions (A Ol $18%, A Px $23%, A Mt $28%, A npOx $28%, and minor Hm) were analyzed by MB in the NW corner of Home Plate (Figure 26 ). On the eastern side of Home Plate, MB spectra were acquired for the outcrop rocks Pesapallo, June Emerson, and Elizabeth Emery (Pesapallo Subclass). They are assemblages of subequal proportions of Fe from Px and Mt. Two outcrop rocks (Texas Chili and Chanute) were analyzed on a line running approximately north to south through the interior of Home Plate. Pecan Pie was analyzed on the western edge of Home Plate. Texas Chili is classified Pesapallo Subclass because of its low Fe from Ol; Pecan Pie and Chanute are Barnhill Subclass because they have more Fe from Ol. Mössbauer spectra for Barnhill, Pesapallo, and Chanute are shown in Figure 28 .
[67] Home Plate MB data ( Figure 26 ) show evidence for a systematic variation in the Fe mineralogy of outcrop rocks normal to a line that passes northeast to southwest across the center of the structure Schmidt et al., 2008b] . Rocks furthest to the NW, with the most Fe from Ol and npOx, are Barnhill (Figure 27a) , Posey, and James Cool Pappa Bell. With increasing distance from the NW, the rocks become progressively depleted in Fe from Ol and npOx and enriched in Fe from Px. Rocks furthest to the SE are the Ol-poor and Px-rich rocks Pesapallo (Figure 28c ), June Emerson, and Elizabeth Emery. Rocks with intermediate Fe mineralogical compositions occur near the centerline (Texas Chili and Chanute (Figure 28b) ), and Pecan Pie at the western edge of Home Plate has a composition similar to Barnhill Class.
Low Ridge and Eastern Valley
[68] Spirit explored Low Ridge (Figure 1) , where it spent its second winter (approximately sols 805 to 1035), and Eastern Valley between sols $800 and $1250 [Arvidson et al., 2008 ]. An attempt was made to explore Tyrone, an area to the SE toward McCool Hill, but the soil was too soft to traverse .
[69] At Low Ridge and just to the northeast, Spirit acquired MB spectra on outcrop and soil (Figure 29) . Surprisingly, the outcrop rocks (Halley, King George, Montalva, and Riquelme) are very Hm rich, with 40 to 78% of their total Fe from Hm. According to Arvidson et al. [2008] , the rocks are all samples from the same horizon. Five of the seven soils (Mawson, the three Progress soils, and Bear Island) are typical basaltic soils (Ilm-free Laguna Class) and have an Fe mineralogy of subequal proportions of Fe from Ol (A Ol $38%) and Px (A Px $30%) with $8% from Mt, $15-20% from npOx, and minor hematite (A Hm < 5%). The other two soils (Berkner Island1 and Mount Darwin) are mixtures of local basaltic soil and the light-toned soils carried from Tyrone in the cowling of the rover wheels. The observed Fe from Fe3Sulfate in Berkner Island1 and Mount Darwin (A Fe3Sulfate $30%) is thus a lower limit for the Fe from Fe3Sulfate actually present at Tyrone. The vesicular float rock Esperanza, located near Montalva, is an Irvine Class rock with $45% Fe from each of Px and Mt. Mössbauer spectra for Progress1, four of the Hm-rich outcrop rocks, and Esperanza are shown in Figures 21f, 30 , and 18c, respectively.
[70] Eight rocks (all outcrop) and three soils were analyzed in Eastern Valley (Figure 29) , which is located between Home Plate and Mitcheltree Ridge (Figure 1) . The rocks are distinctly less altered (MAI = 24 to 38%) compared to Low Ridge (MAI = 55 to 84%) outcrop rocks (Table 8) . Compare, for example, the large difference in Hm contents (Figure 29a) . The rock closest to Mitcheltree Ridge (Torquas) is primarily an assemblage of Fe from Mt and npOx (A Mt + A npOx $80%). Other analyzed rocks (Elizabeth Mahon, Madeline English, Everett, Slide, Good Question, Nancy Warren, and Innocent Bystander) are located near the upslope edge of Home Plate. Their Fe 2+ silicate mineralogy is dominated by Px over Ol, except for Nancy Warren which has subequal proportions of Fe from the two phases. Like Irvine Class rocks, Mt plus Px is the dominant Fe-bearing phase (A Px + A Mt = 50 to 80%), although there is more Fe from npOx (A npOx = 20 to 40%) compared to Irvine Class. Elizabeth Mahon and Nancy Warren, like Fuzzy Smith, are enriched in SiO 2 ($72 wt %) and depleted in FeO + Fe 2 O 3 ($6 wt %) relative to basaltic compositions [Ming et al., 2008] . Good Question and Innocent Bystander are enriched in SiO 2 to a lesser extent (53 to 62 wt %). Mössbauer spectra for Torquas, Everett, Nancy Warren, and Innocent Bystander are shown in Figure 31 .
[71] Lefty Ganote and Kenosha Comets are subsurface, light-toned, SiO 2 -rich (74 and 90 wt %, respectively), and Fe-poor (FeO + Fe 2 O 3 = 6.5 and 1.5 wt %, respectively) soils uncovered by Spirit's frozen wheel [Squyres et al., 2008] . Their low total Fe content, low MB source activity at this time in the mission, and limited integration time produced MB spectra with poor counting statistics. Nevertheless, Fe from Ol, Px, Ilm, and npOx was detected in Kenosha Comets, and the same for Lefty Ganote except that Mt was detected instead of Ilm. Eileen Dean (Figure 29b) , which is also a light-toned subsurface soil, has a basaltic bulk composition similar to that for the rock Everett [Ming et al., 2008] . This correspondence plus an abnormally high value (for a soil) of Fe from Mt (A Mt $40%) are evidence that Eileen Dean is the top of a friable rock or perhaps a weakly consolidated ash deposit. Mössbauer spectra for these light-toned soils are shown in Figure 32 .
[72] In section 10, we expand the arguments made by Squyres et al. [2008] that the clan of high-SiO 2 rocks (Fuzzy Smith, Elizabeth Mahon, Nancy Warren, Good Question, and Innocent Bystander) and soils (Lefty Ganote and Kensoha Comets) in Eastern Valley is the result of aqueous leaching of basaltic precursors under acid sulfate conditions. 6. Fe-Bearing Mineralogical Markers for Aqueous Alteration 6.1. Goethite (A-FeOOH) and Acid Sulfate Alteration
[73] The ferric oxyhydroxide goethite is a common product of alteration and weathering on Earth [e.g., Cornell and Schwertmann, 1996] . It is a mineralogical marker for aqueous alteration on Mars because it has hydroxide as a part of its structure and thus can only form in the presence of H 2 O (solid, liquid, or gas). The geographic extent of Gtbearing rocks (Clovis, Wishstone, and Watchtower Classes) as of Morris et al. [2006a] (sol 602) was West Spur and the NW slope of Husband Hill to a point near, but downslope from, its summit. After summiting on sol $618, Spirit found Gt downslope on the SE side of Husband Hill in the rock Kansas on sol $648 (Figures 22a and 23c) . McCoy et al. [2008] map an antiformal stratification for rocks exposed on Husband Hill, and Crumpler et al. (manuscript in preparation, 2008) show that Wishstone and Watchtower represent the topmost stratum exposed. Thus it is not surprising to find Gt-bearing rocks on the NW and SE sides of Husband Hill. The stratigraphic and structural relationships between West Spur and Husband Hill are not clear. An alternate interpretation is that Gt formed at the exposed edges (outcrops) of the strata by alteration of some precursor material that is still present (perhaps just locally) in its unaltered form within Husband Hill and possibly West Spur. As discussed by Morris et al. [2007] , this precursor might be disseminated pyrrhotite. A pyrrhotite precursor also may provide an explanation for the unusually high values of DE Q for npOx ($1.0 mm/s) in goethite-bearing rocks (see Morris et al. [2006a] ). Spectra were obtained by summing individual spectra over the specified temperature interval. Zero velocity is referenced with respect to metallic Fe foil at the same temperature as the Martian surface target. section 3.7.2). In the experiments of Morris et al. [2007] , pyrrhotite under conditions of low H 2 O to rock ratios altered to poorly crystalline goethite and hydronium jarosite (H-jarosite), the latter with DE Q $1.0 mm/s. We continue to assign the Fe3D1 ferric doublet for the Gt-bearing rocks to npOx because the H-jarosite identification is equivocal in these rocks and because variations in the chemical and mineralogical composition of npOx (in response to local conditions) are consistent with its generic usage.
[74] On the basis of chemical composition, Ming et al. [2006] infer that Clovis Class rocks have undergone leaching by acidic vapor and/or fluids. If the presence of Gt and npOx as a H-jarosite-like phase are indicative of disseminated pyrrhotite (or some other sulfide) in the unaltered precursor, acid sulfate conditions can occur within the rock with access to neutral liquid and/or vapor H 2 O. This removes the requirement for acidic interacting fluids/vapors. Once soluble salts precipitate from internal acid sulfate solutions or surface film, they are susceptible to leaching and passive Al 2 O 3 enrichment, producing the corundum normative composition now observed for some rocks (e.g., Wooly Patch, Ebenezer, and Watchtower).
Fe3Sulfate and Hydrothermal Acid Sulfate Alteration
[75] Fe-bearing sulfate was identified by MB at high concentrations in subsurface soil deposits (Figures 17, 24 , and 29) at three locations in Gusev Hutton, 1977; Tilley and Eggleton, 2005] . After dissolution, it immediately precipitates essentially in place as an insoluble phase (e.g., the TiO 2 oxide anatase), resulting in passive enrichment in the residue material as other elements are removed by leaching. This behavior is shown (Figure 33a ) in basaltic terrain in a variety of alteration environments on Mauna Kea and Kilauea volcanoes, Hawaii (data from Morris et al. [2000a Morris et al. [ , 2000c ). The chemical data are normalized to a water-free basis so they can be directly compared with APXS data. Palagonitic tephra from Mauna Kea underwent supergene alteration at ambient temperatures. SiO 2 but not TiO 2 was leached (line P in Figure 33a ), resulting in passive enrichment of TiO 2 and depletion of SiO 2 . Samples from steam vents at Sulfur Bank underwent hypogene alteration at temperatures elevated compared to palagonitic tephra. Again, SiO 2 but not TiO 2 was leached (line S in Figure 33a ). In both cases, Fe was also passively enriched [Morris et al., 2000a] . For the bleached rock from Sulfur Bank, which underwent acid sulfate alteration, a different behavior was observed. Both SiO 2 and TiO 2 are passively enriched. In fact, all other elements are leached because line A extrapolates through the origin. Lines P, S, and A radiate from a common point in Figure 33a because the unaltered precursor basalts have the same concentrations of TiO 2 ($2.5 wt %) and SiO 2 ($53 wt %).
Outcrop Rocks on Husband Hill
[77] The TiO 2 versus SiO 2 diagram for Gusev Crater rocks is shown in Figure 33b . Rocks with MAI < 50% and MAI > 50% are represented by squares and circles, respectively. Solid vertical lines are drawn at 45 and 50 wt % SiO 2 . We defer discussion of the rocks with >50 wt % SiO 2 , which all occur at Home Plate and Eastern Valley, to section 8. The remaining rocks, independent of MAI value, generally have $45 wt % SiO 2 and variable TiO 2 concentrations between 0.2 and 3.0 wt %. This is the signature of either (1) unaltered basalts that have a limited range in SiO 2 concentrations and a relative wide range in TiO 2 concentrations or (2) their isochemically altered equivalents. The relative low SiO 2 concentrations for rocks Larrys Bench, Algonquin, and Comanche Spur ($41 wt % [Ming et al., 2008] ) reflects their Ol-rich nature ( Figure 24) and not an alteration process. The rock Peace has the lowest SiO 2 concentration because it is cemented by Mg-sulfate salts that result in reduced SiO 2 and TiO 2 concentrations by dilution [Ming et al., 2006] . We find no clear evidence for leaching of Martian rocks that resulted in TiO 2 passive enrichment similar to that shown in Figure 33a for terrestrial analog samples with the exception for the Independence Outcrop rock. The absence or near absence of leaching implies low water-to-rock ratios.
[78] Perhaps the best instance of aqueous, isochemical alteration is the Watchtower Class rocks on Husband Hill [Morris et al., 2006a; Ming et al., 2006] . They have a nearly constant chemical composition and a Fe mineralogical composition that ranges from $63% Fe from Ol, Px, Ilm, and Mt for Keystone to $13% Fe from those phases for Pequod (Table 8 and Figure 12 ).
Palagonitic Tephra at Home Plate
[79] A number of outcrop rocks on Home Plate (Barnhill Subclass) and Mitcheltree Ridge (Torquas) have a Fe mineralogy of Ol, Px, Mt, and npOx where Fe from npOx is $29% (Table 8 ). This amount of npOx is significantly higher than that observed for rocks with the same assemblage of Fe-bearing phases (i.e., relatively unaltered with minimal Hm, no detectable Gt, and FeO + Fe 2 O 3 > 13 wt %). Such rocks are Adirondack Subclass, Joshua Subclass, Backstay Class, Irvine Class, Everett Class, and Pesapallo Subclass, and they have average values of Fe from npOx equal to 9, 15, 13, 5, 18, and 14%, respectively (Table 9 ). This mineralogical observation and the textural observations of Squyres et al. [2007] that Barnhill Subclass is a pyroclastic deposit are consistent with deposition of glassy tephra in association with Home Plate volcanism and subsequent supergene aqueous alteration of the glassy tephra to palagonitic tephra, where (by analogy with terrestrial palagonitic tephra [Morris et al., 2000a [Morris et al., , 2001 ) npOx and additional shortorder and Fe-poor phases (e.g., allophane) are present.
[80] As shown in Figure 33a , the terrestrial palagonitic tephra underwent supergene alteration under conditions of high water-to-rock ratios because significant leaching (e.g., of SiO 2 ) took place. At Home Plate, in the absence of detectable leaching (Figure 33b ), palagonitization progressed at low water-to-rock ratios. 
Gusev Crater Soils
[81] The TiO 2 versus SiO 2 diagram for Gusev Crater soils is shown in Figure 33c . The soils with >49 wt % SiO 2 are discussed in section 8. With the exception of the Paso Robles Class soil, the soils have a relatively constant SiO 2 concentration ($45 wt %) and a variable TiO 2 concentration ($0.5 to $2.0 wt %), which indicates variation in the composition of the source material and not aqueous alteration accompanied by leaching. Soils with the highest and lowest TiO 2 concentrations are Pequod Doubloon and El Dorado Scuff Shadow, respectively.
[82] Reaction of preexisting soil with acid sulfate waters in a closed system (i.e., local precipitation of reaction products, including sulfates) would produce a bulk composition that is enriched in SO 3 and depleted in all other elements because of the closure property. Thus, the concentration of all elements in the reacted soil would be between 0 wt % and their concentration in the preexisting soil.
[83] Line B in Figure 33c was drawn through the origin and the average TiO 2 and SiO 2 concentrations for the sulfate-rich soils at the Paso Robles location. Line C was drawn through the origin and the average TiO 2 and SiO 2 concentrations for the Arad and Tyrone sulfate-rich soils.
Line B and line C intersect the vertical line at 45 wt % SiO 2 at TiO 2 concentrations of $1.5 and $0.6 wt %, respectively, for the presumed precursor materials. The extrapolated TiO 2 concentrations are reasonable considering the locale of the high-sulfate deposits. The Paso Robles deposit is proximate to the high-Ti Wishstone Class and Watchtower Class rocks and the high-Ti soils (Doubloon). The Arad and Tyrone deposits are proximate to the low-Ti outcrop rocks in the vicinity of Home Plate. As discussed previously [Ming et al., 2006; Yen et al., 2008] , the imprint of local chemical compositions on the bulk composition of the high-sulfate deposits means that the acid sulfate dissolution and precipitation occurred locally, perhaps in a hydrothermal, solfatara-like environment, without significant leaching (i.e., at low water-to-rock ratios).
[84] Hydrothermal conditions at low water-to-rock ratios are implied at Paso Robles and the other high-sulfate deposits because they promote closed-system dissolution of local precursor material that is followed by precipitation of Fe 3+ -sulfate (detected by Mössbauer) and other phases as evaporite deposits. In contrast, neither hydrothermal conditions nor low water-to-rock ratios are indicated at Peace Outcrop (rocks Peace and Alligator), because the Fe mineralogy of the Mg-sulfate cemented rock does not have detectable Fe3Sulfate or any other Fe-sulfate and is instead characterized by an igneous-like assemblage of Ol, Px, Mt, and npOx ( Figure 17 ) [Morris et al., 2006a; Ming et al., 2006] . Figure 33a points to acid sulfate leaching of precursor basalt as a formation pathway for the Gusev high-SiO 2 materials. That is, all elements detected by APXS are removed by leaching except for SiO 2 and TiO 2 whose concentrations passively increase because they precipitate as insoluble phases, for example opal-A and anatase, respectively, on the basis of a terrestrial analog [Morris et al., 2000c] .
Acid Sulfate Alteration at High Water-to-Rock Ratios in Eastern Valley
[86] By analogy with Figure 33a , we drew the two solid lines in Figure 34a that pass through the origin and the samples that give the maximum (Pesapallo) and minimum (Nancy Warren) TiO 2 /SiO 2 ratios. At first look, it appears that the ensemble of high-SiO 2 materials can be explained by different extents of acid sulfate leaching of basaltic rock compositions found at Home Plate and Eastern Valley, as discussed by Squyres et al. [2008] . In Kenosha Comets, the leaching process has essentially proceeded to completion. However, we must look at other element correlations to confirm the observation (Figures 34b and 34c ).
[87] Close examination of Figure 34 reveals an inconsistency with the proposition that all high-SiO 2 rocks and soils can be derived from known rock compositions at Home Plate. Elizabeth Mahon and Nancy Warren have chemical affinity for Slide and Everett on the basis of the TiO 2 -SiO 2 correlation (line A2 in Figure 34a ). However, on the basis of FeO + Fe 2 O 3 and especially MgO correlations with SiO 2 , Figure 27 . Mössbauer spectra and subspectra obtained by least squares analysis for float rocks (a) Fuzzy Smith and (b) Humboldt Peak on Home Plate. Spectra were obtained by summing individual spectra over the specified temperature interval. Zero velocity is referenced with respect to metallic Fe foil at the same temperature as the Martian surface target. Fuzzy Smith is the only rock that has a subspectrum that can be assigned to pyrite/marcasite (sulfide), and it is also a high-SiO 2 rock. Figure 28 . Mössbauer spectra and subspectra obtained by least squares analysis for outcrop rocks (a) Barnhill, (b) Chanute, and (c) Pesapallo on Home Plate. Spectra were obtained by summing individual spectra over the specified temperature interval. Zero velocity is referenced with respect to metallic Fe foil at the same temperature as the Martian surface target. All three outcrop rocks are Mt-rich. Figures 34b and 34c, respectively) . The inconsistency is resolved if the basaltic precursor is igneous rock/tephra with MgO and TiO 2 concentrations equal to $9 and $0.4 wt %, respectively (Figure 34 ). Such compositions have not been observed or measured by Spirit, but they may be present in subsurface rocks/tephra or in unanalyzed surface materials.
[88] The water-to-rock ratio during the alteration that resulted in the high-SiO 2 materials must be high enough to support leaching (removal) of the soluble constituents of the rock and soils. We do not estimate a value for the ratio Spectra were obtained by summing individual spectra over the specified temperature interval. Zero velocity is referenced with respect to metallic Fe foil at the same temperature as the Martian surface target. All these rocks are rich in hematite and are located between Home Plate and the sulfate deposit at Tyrone. except in a relative sense. The leaching that occurred during formation of the Eastern Valley high-SiO 2 rocks and soils must have occurred at water-to-rock ratios that are higher than the ratios implied by the isochemical or nearly isochemical alteration observed on Husband Hill for the Clovis Class, Wishstone Class, and Watchtower Class rocks. Furthermore, the geologic setting of Home Plate (a volcanic complex) and chemical data for terrestrial analogs imply acid sulfate alteration under hydrothermal conditions [Morris et al., 2000a [Morris et al., , 2000c Squyres et al., 2007 Squyres et al., , 2008 Yen et al., 2008] . Such conditions could exist for long periods of time at high water-to-rock ratios within the reaction front where aggressive (acid sulfate) volcanic condensates dissolve basaltic rock and remove all but the insolubile components (SiO 2 and TiO 2 ) by leaching.
[89] Squyres et al. [2008] also consider a sinter origin for which dissolved Si (and Ti) is transported to Eastern Valley by aqueous solutions and subsequently precipitated as the SiO 2 -rich material (e.g., a hot springs environment). The authors do not favor this pathway (and we concur) because of the evidence for acid sulfate leaching under hydrothermal conditions and because the diversity in the chemical composition of the high-SiO 2 materials is consistent with the diversity in the chemical composition of the rocks at Home Plate and Eastern Valley. In addition, we are not aware of terrestrial sinter deposits that have TiO 2 concentrations comparable to those observed for the Gusev high-SiO 2 deposits, although the discrepancy might result from different precursor bulk chemical compositions and/or different environmental parameters [e.g., McAdam et al., 2008] .
Aqueous Processes and Magnetite and Pyroxene
[90] Magnetite is firmly established as the strongly magnetic mineral in the region of Gusev Crater traversed by Spirit on the basis of Mössbauer measurements of rock, soil, and material collected by the capture magnet, as shown in this and previously published papers [e.g., Morris et al., 2004 Morris et al., , 2006a Goetz et al., 2005 Goetz et al., , 2008 . Throughout this paper we considered magnetite to originate from igneous processes (i.e., crystallization from a silicate liquid) as opposed to a product of oxidative weathering of primary Fe 2+ -bearing silicate minerals (e.g., olivine and pyroxene). We show next that the magnetite detected by Spirit is most likely igneous in origin.
[91] Titanomagnetite in Martian meteorites has an igneous origin [e.g., Stolper and McSween, 1979; Treiman, 2005] Figure 31 . Mössbauer spectra and subspectra obtained by least squares analysis for the rocks (a) Torquas, (b) Everett, (c) Nancy Warren, and (d) Innocent Bystander in Eastern Valley between Home Plate and Mitcheltree Ridge. Spectra were obtained by summing individual spectra over the specified temperature interval. Zero velocity is referenced with respect to metallic Fe foil at the same temperature as the Martian surface target. All but Innocent Bystander are outcrop rocks. The MB spectrum of Torquas, with its high percentage of npOx, resembles terrestrial palagonitic tephra. Nancy Warren is a high-SiO 2 rock. Innocent Bystander has an unusually high ratio of Fe from Fe-oxide to Fe from Fesilicate; the analysis spot was an internal surface that was exposed when the rock was broken by Spirit's wheel. Figure 32 . Mössbauer spectra and subspectra obtained by least squares analysis for the soils (a) Kenosha Comets, (b) Lefty Ganote, and (c) Eileen Dean in Eastern Valley. Spectra were obtained by summing individual spectra over the specified temperature interval. Zero velocity is referenced with respect to metallic Fe foil at the same temperature as the Martian surface target. Kenosha Comets and Lefty Ganote are high-SiO 2 soils. The extremely poor counting statistics for Kenosha Comets result from its very low Fe content ($1.5 wt % as FeO + Fe 2 O 3 ) and available integration time. Eileen Dean may be the top of a friable rock that was crushed to a soil by the action of Spirit's wheel.
on the NW slope of Husband Hill (e.g., Wooly Patch Subclass, Peace Class, and Watchtower Class). The third pyroxene composition has an intermediate DE Q (average = 2.12 ± 0.02 mm/s) and is associated with Home Plate Outcrop rocks, Irvine Class rocks (float rocks on Husband Hill and near Home Plate), and Backstay Class (a float rock on Husband Hill). The MB parameter d is not useful as discriminator for the Px-A pyroxene compositions because all three groups have the same average value (d = 1.16 ± 0.02 mm/s). At this point, it is premature to associate values of DE Q with particular Px compositions, but we note (1) that Adirondack pyroxenes are associated with rocks that have Ol, minor Mt, and no detectable Ilm as their other Fe 2+ -bearing phases, (2) that the Backstay, Irvine, and Home Plate pyroxenes generally are accompanied by Mt as a major Fe-bearing phase, and (3) that pyroxene associated with the West Spur and NW Husband Hill Outcrop rocks have a loose affinity with Ilm-bearing rocks (e.g., Wishstone).
[97] For soils (Figure 35b) , the average value of DE Q is 2.12 ± 0.03 mm/s. Below average values are associated with the Adirondack Class rocks (sol < 155). The soil with the lowest DE Q (2.02 ± 0.02 mm/s) is Mazatzal Flats Soil1 on the apron of the Adirondack Class rock Mazatzal [Morris et al., 2006a] . Above average values are associated with Ilmbearing rocks. The soils with the highest values of DE Q are Pequod Doubloon and Cliffhanger Hang2 (2.20 ± 0.02 and 2.22 ± 0.02 mm/s, respectively) (Morris et al. [2006a] and Table 1 ). Pequod Doubloon is the only soil for which there is a clear detection of Fe from Ilm (Table 5 ). These observations show that the Fe mineralogical composition of local basaltic soils is perturbed from some average composition by degradation of local rocks.
Hydrothermal System at Home Plate
[98] Many lines of evidence now point to the presence of an extinct hydrothermal system at Home Plate. Home Plate itself is considered to have an explosive origin when basaltic magma came into contact with groundwater or ice [Squyres et al., 2007] . Proximate and to the north and to the SE of Home Plate are sulfate deposits (Arad and Tyrone) that, with respect to Fe mineralogy, are rich in Fe 3+ -sulfate (Figures 24b and 28b) . Another Fe 3+ -sulfate deposit is located at Paso Robles $1 km from Home Plate on the NW slope of Husband Hill (Figure 17 and Morris et al. [2006a] ). Because of their proximity, the Arad and especially the Tyrone deposits are probable fumarolic and/or hydrothermal deposits associated with the volcanic activity at Home Plate [Yen et al., 2008] . The Paso Robles deposit may also be associated with Home Plate volcanism. In any case, these deposits involve dissolution of local Fe-bearing Figure 33 . Plots of TiO 2 versus SiO 2 for (a) terrestrial analog basaltic material (Mauna Kea and Kilauea Volcanoes, Hawaii) weathered under supergene conditions (palagonite), in steam vents, and by acid sulfate leaching, (b) all Gusev Crater rocks, and (c) all Gusev Crater soils. In Figure 33a , data for weathered samples emanates from unaltered materials. SiO 2 is leached and TiO 2 is passively enriched during palagonitic and steam vent weathering. Both are passively enriched during acid sulfate weathering. In Figure 33b , the TiO 2 -SiO 2 variation is largely controlled by differences in the bulk composition of the precursor basalts, except for the high-SiO 2 rocks (SiO 2 > 50 wt %) which have undergone acid sulfate leaching. In Figure 33c , the TiO 2 -SiO 2 variation is controlled by differences in bulk composition (vertical line at SiO 2 = 45 wt %), dilution of both oxides by addition of S (Paso Robles, Arad, and Tyrone sulfate deposits), and alteration by acid sulfate leaching (Kenosha Comets and Lefty Ganote [Ming et al., 2006 [Ming et al., , 2008 Yen et al., 2008] .
[99] The high-SiO 2 soils in Eastern Valley between Home Plate and Mitcheltree Ridge are evidence for a different manifestation of an acid sulfate hydrothermal environment. In this case, basaltic precursor rocks/tephra are leached under acid sulfate hydrothermal conditions leaving behind the highSiO 2 and high-TiO 2 fingerprint of the process (section 8 and Squyres et al. [2008] ). Perhaps not coincidentally, there are very Hm-rich outcrop rocks (Halley, King George, Riquelme, and Montalva; Figures 28b and 29 ) located between Home Plate and the Fe 3+ -sulfate deposit at Tyrone. A possible sequence of events is deposition of Mt-rich basaltic material like that further to the north in Eastern Valley during active Home Plate volcanism followed by some combination of (1) thermal oxidation (dry heating) of preexisting Mt plus exsolution and/or reprecipitation of Hm from Fe 2+ -bearing silicate phases and (2) an isochemical aqueous process (low water-to-rock ratios) involving dissolution of Fe-bearing phases and precipitation of hematite and Fe-poor phases. Hematite formation reasonably occurred in association with the event or sequence of events that formed the Tyrone sulfate deposit.
Summary
[100] The Mössbauer spectrometer on the Spirit rover provided spectra for determination of the Fe mineralogical composition and Fe redox state (as Fe 3+ /Fe T ) of $71 rocks and $43 soils as of sol 1544. Some rocks were analyzed multiple times as undisturbed surfaces, surfaces cleaned by the RAT brush, and interior surfaces exposed by RAT grinding. Major results and interpretations since sol 520 are summarized next.
[ = 50% to 75%) and are the best exposure of ultramafic rocks examined by Spirit. The unaltered outcrop rocks on Home Plate range from Ol-rich basalt on the western side (e.g., Barnhill) to Px-and Mt-rich rocks on the eastern side (e.g., Pesapallo). Px-and Mt-rich rocks are also found in the central and northern areas of Eastern Valley (e.g., Everett). [103] 3. The Px subspectrum for the Ol-rich rock Comanche Spur has unusual MB parameters for pyroxene, which may permit a mineralogical assignment other than Px. Comanche Spur is the only occurrence.
[104] 4. There is evidence for three pyroxene compositions for the relative unaltered Gusev Crater rock on the basis of different quadrupole splittings (DE Q ). They are associated with (1) Adirondack Class rocks, (2) Home Plate Outcrop (Barnhill Class) and float rocks in Irvine Class and Backstay Class, and (3) Ti-bearing Columbia Hill rocks.
[105] 5. Pervasively altered rocks containing Gt occur on both sides of the Husband Hill summit. Gt (a-FeOOH) is a marker mineral for aqueous alteration because it can form only in the presence of H 2 O. Isochemical alteration (low water-to-rock ratios) is a characteristic of the Gt-bearing rocks (Clovis, Wishstone, and Watchtower Classes).
[106] 6. Pervasively altered outcrop rocks (Independence and Assemblee) with Fe from Px, npOx and either Ilm or Chr but no detectable Fe from Ol, Mt, Hm, and Gt are found on the SW slope of Husband Hill. The Ilm and Chr are interpreted as residual phases of aqueous leaching (high water-to-rock ratios) which also resulted in low total Fe concentrations.
[107] 7. Subsurface Fe 3+ -sulfate deposits were detected by MB near Home Plate at Arad and Tyrone. The sulfates are likely fumarolic and/or hydrothermal deposits associated with the volcanic activity at Home Plate.
[108] 8. The Hm-rich outcrop rocks with up to $78% of total Fe from Hm (e.g., Halley and Montalva) are located between Home Plate and the Tyrone sulfate deposit. The hematite may be a manifestation of oxidative heating of previously unaltered basaltic materials by the event or sequence of events that lead to the formation of the Tyrone sulfate deposit. Low water-to-rock ratios or possibly dry heating (i.e., no or limited leaching) is implied by basaltic bulk chemical composition.
[109] 9. The silica-rich rocks and soils in Eastern Valley are interpreted as a product of acid sulfate leaching of precursor basalt having a range of bulk chemical compositions.
[110] 10. The only strongly magnetic phase detected by Mössbauer at Gusev is magnetite. The percentage of total Fe that is present as Mt ranges from 40 to 56% for a significant number of rocks (e.g., Irvine Class, Pesapallo Subclass, Everett Class, Torquas, and Innocent Bystander). An igneous origin is indicated by the presence of Ti in the magnetite-rich sample collected by the MER capture magnet.
